In-plane tensile stress-strain, tensile creep, and after-creep retained tensile properties of melt-infiltrated SiC-SiC composites reinforced with different fiber types were evaluated with an emphasis on obtaining simple or first-order microstructural design guidelines for these in-plane mechanical properties. Using the mini-matrix approach to model stress-strain behavior and the results of this study, three basic general design criteria for stress and strain limits are formulated, namely a design stress limit, a design total strain limit, and an after-creep design retained strength limit. It is shown that these criteria can be useful for designing components for high temperature applications.
guide designers, fabricators, and end-users in predicting properties such as matrix cracking stresses, ultimate tensile properties, and elevated temperature creep and fatigue properties.
Compared to other commercially available fibers, the Sylramic-iBN fiber evaluated in these studies is very stable against high temperature degradation both during processing and service, and as a result is expected to be less prone to mechanical performance variation arising from process and/or application variations [6] . However, the Sylramic-iBN fiber is not commercially available readily, and the other fiber-types may be more attractive as they offer an overall cost advantage over the Sylramic-iBN fiber in meeting the necessary property requirements for some applications.
The purpose of this study was to assess the in-plane mechanical performance of 2D 0/90 MI composites (oriented in one of the orthogonal fiber directions) reinforced with different commercially available polycrystalline SiC-based fibers. The fiber-types evaluated in this study included (1) the Tyranno ZMI fiber, (2) the Hi-Nicalon fiber, (3) the Tyranno SA-3 fiber, and (4) the Sylramic-iBN fiber. In this order, the fiber-types typically increase in modulus, creepresistance, high temperature capability, and acquisition cost. In addition, MI composite data reported previously [5] for the Hi-Nicalon Type-S fiber, another commercially available high modulus SiC fiber-type, are also included in this paper for comparison.
EXPERIMENTAL
Several fiber preforms consisting of four different fiber-types were produced by 0/90 symmetric lay-up of eight plies of 2D-woven 5-harness satin fabric with fiber content balanced in the two orthogonal directions. The preforms were then interphase coated with a thin layer of boron nitride by chemical vapor infiltration (CVI), followed by CVI SiC, slurry cast SiC, and silicon melt-infiltration (MI) producing what is commonly referred to as the slurry-cast meltinfiltration (SCMI) matrix composite [1, 4, 5] . Table 1 lists the panels evaluated in this study, and key constituent properties based on in-process panel data and measurements on different specimens from each panel. The panels included (1) three panels reinforced with Sylramic-iBN (NASA-treated Sylramic fiber produced by Dow Corning, Midland, MI [6] ); (2) three panels with the Tyranno SA (Ube Industries, Japan); (3) one panel with Hi-Nicalon (Nippon Carbon, Tokyo, Japan); and (4) two panels with the Tyranno ZMI (Ube Industries, Japan). In addition, Table 1 also includes data from two panels with Hi-Nicalon Type-S (Nippon Carbon, Tokyo Japan) fiber that came from the earlier study [5] , which is included in this paper for property comparison. For convenience, the composite panels are referred to as xxx-Y where xxx is the reinforcing fiber type (Syl-iBN, SA, HN, ZMI, HNS) and Y is the panel number with that particular fiber.
For in-plane mechanical property evaluation, tensile specimens, ~150 mm long and 12.6 mm wide at the ends, were machined from the panels into a dog-bone shape where the gage section length and width were approximately 25 and 10 mm, respectively. The length of each specimen was aligned as close as possible with one of the two orthogonal fiber directions, commonly referred to as the 0 o direction. The ends of the tensile bars were encased in a wire mesh to alleviate grip stresses and bending moments at and near the pneumatic pressure grips.
All tensile tests were performed along one of the two orthogonal fiber directions. Room temperature tensile tests were performed using a universal testing machine (Model 8562, Instron, Ltd., Canton, Mass.). Specimens were loaded at a constant rate of 4kN/min. Two clip-on strain gages (2.5% max strain) were attached; one on each face, and the average of the two strain gages was used for determining the strain values for the tests. Unload-reload interruptions were also performed, usually at least two, in order to determine the residual stress in the composite matrix [12] .
Modal acoustic emission (AE) was monitored during the room temperature tensile tests.
A Fracture Wave Detector was used with wide-band pass frequency sensors (50 to 2,000 kHz), both from Digital Wave Corporation (Model B1025, Englewood, CO). Two AE sensors were placed on the face of the specimen, one on each side of the gage section, and approximately 50 to 60 mm from one another. The two AE sensors were synchronized, i.e., both sensors would record the waveform from the same event at the same time if either sensor was triggered. Events which occurred in the gage section (25 mm region of the extensometers) were sorted out using a threshold voltage crossing technique [7, 13] and used for analysis according to the location of each event based on the speed of sound of the extensional wave, which was determined post-test from events that occurred between the sensors [7, 13] . Typically, 70% of the AE activity events occurred outside the gage section and were not used in the AE analysis.
Elevated temperature tensile creep-rupture tests were performed at 1200 and 1315 o C in ambient air on a different machine (Instron Model 5569), which had a resistance-heated MoSi 2 element furnace inserted in the center of the dogbone section. The ends of the tensile bars in these tests were also encased in a wire mesh, but the pneumatic grips were water cooled. A contact extensometer with SiC contacting pins 25 mm apart from one another was used to measure strain at the edge of the specimen in the gage section. Displacement was measured with a LVDT that featured a maximum strain capability of 1%. Prior to the elevated temperature creep test, a tensile modulus measurement was made on each specimen over the stress range 5 to 50 MPa at room temperature. Table 1 lists nominal and calculated values for key properties of the constituents in each composite panel, based on in-process data and data measured on the final processed panels and test specimens. Since the woven architectures for all panels were balanced in fiber content in the two orthogonal directions, the fiber volume fraction in the tensile loading direction, f o. , was half of the total fiber volume. For this study, f o was determined from the estimated total fiber area in the loading direction divided by the measured physical area of the composite specimen in the gage section; i.e., f o = (N ply N f ) (epcm/10) (πR f 2 ) / t (1) .
RESULTS

Constituent Analyses
where N ply is the known number of plies in the lay-up (eight for all the composites tested in this study); N f is the nominal number of fibers per tow; epcm/10 is the known tow ends per cm of the 2D weave (i.e., number of fiber tows per cm) converted to mm; R f is the nominal fiber radius in mm; and t is the measured specimen thickness in mm. Table 1 lists the calculated values for the total fiber volume, f = 2f o for all specimens from each panel. Also listed in Table 1 are the nominal N f and R f values for each fiber type, as well as the specimen t values and specimen-tospecimen scatter in these t values.
Room Temperature Stress Strain Behavior with Acoustic Emission
The average room temperature mechanical properties from the stress-strain tests are listed in Table II and some representative stress-strain curves are shown in Figure 1 for individual specimens from each composite system. In addition, the stress-strain behavior of a HNS-2 composite specimen from reference 5 is shown for comparison. In Figure 1 , the hysteresis loops were removed for clarity; while Figure 2 shows representative stress-strain curves with the initial loops and the attendant residual stress for the different composite specimens. From these figures
and Tables I and II , there are some general fiber-related observations that can be made concerning the as-fabricated composite specimens. First, as expected from composite theory [14] , increasing the fiber volume fraction increased the composite secondary modulus as well as ultimate strength and strain. Second, for the higher modulus fibers (E f ~ 380 GPa), increasing the fiber volume fraction also increased the composite initial elastic modulus. This is consistent with the hypothesis that the effective modulus for the MI matrix in the loading direction is lower than that of the fiber. Third, composite specimens with the higher modulus fibers showed the matrix was under a mild compressive stress ( Figure 2 and Table II ); in contrast, specimens with approximately the same fraction of the lower modulus fiber showed the matrix essentially under zero to a very mild tensile residual stress. Fourth, for approximately the same fiber fraction, the lower modulus fibers exhibited higher composite ultimate strain, with the HNS panels being an exception. Figure 3 shows the AE data from different specimens for each family of composites, collected during the tensile test. The AE parameter of interest is the energy of AE events which occur in the gage section. A single event was captured on two different sensors. The average energy from each event was determined and used to compute the cumulative energy of the events starting from the initial event until the final event. Figure 3 shows the normalized cumulative AE energy (NormCumAE), which is the cumulative energy divided by the total cumulative energy at the final event, plotted versus composite stress. It has been shown that for MI composites, NormCumAE is directly related to matrix crack density [7] . The decrease in the rate of NormCumAE at high stress is indicative of matrix crack saturation in the composite. In essence, the curves in Figure 3 show the relative distribution of matrix cracks as stress is increased in the different composite specimens, and complement the tensile stress-strain data in further understanding fiber effects on matrix cracking.
The AE Onset Stress has been shown to correspond to the onset of fiber-bridged matrix crack formation and is one measure of "matrix cracking stress" [7] . The AE Onset Stress is the onset of a high rate of high energy AE events and is determined by extrapolating the steep slope portion of the NormCumAE vs. stress curve back to the zero-axis [7] . Table II shows the average values for the AE Onset Stress. Also shown are the 0.005% offset stresses, from the stress-strain curves, a common technique for determining the proportional limit [15] , and often associated with matrix cracking strengths for these composites. As shown in Figure 4 , the AE Onset Stress and 0.005% Offset Stress are close in magnitude; however, the 0.005% Offset Stress almost always exceeded the AE Onset Stress for the composites of this study. The AE Onset Stress is considered to be a better parameter for matrix cracking since it is a direct measure of when matrix cracks actually occur.
There is a large scatter in stress over which AE activity occurs for the different composite systems (+/-70 MPa for the composites tested in this study - Figure 3 ). It has been shown in Here σ c is the applied composite stress; σ th is the residual stress within the as-fabricated composite; E c is elastic modulus of the composite; E mini is elastic modulus of the load-bearing 0 o minicomposite; and f mini is the fraction of 0 o minicomposites in the composite. The composites of this study were all balanced weaves; therefore, f mini is simply half the combined total fractions of fiber, BN and CVI SiC (Table I ). E mini was determined from the rule of mixtures of the fractions of the three components of the minicomposite where the fiber moduli used were 380 GPa for Syl-iBN, SA, and HNS; 280 GPa for HN and 200 GPa for ZMI; the BN modulus was 25 GPa, and the CVI SiC modulus was 425 GPa. Plotting NormCumAE vs. σ minimatrix , Figure 5 shows essentially that all of the AE behavior of the composites of this study now falls into a much narrower σ minimatrix range of less than +/-20 MPa. This reduced range is similar to what was found for the MI composites processed by a different vendor in a previous study [7, 16] .
For predictive modeling, an empirical two-parameter Weibull distribution for NormCumAE was best fitted to the data in Figure 4 :
where σ ο minimatrix is a reference stress and m is the Weibull modulus. For this study, the distribution function was only slightly different than that determined in reference 16 (see Figure   5 ). Also note that extrapolating the slope of the near linear region of the distribution represents a general σ minimatrix for onset of high energy AE activity, i.e., through-thickness matrix cracking.
The stress corresponding to the onset of through-thickness matrix cracks is an important design parameter, since these cracks allow relatively easy access for oxidizing species into the composite and cause environmental degradation at elevated temperatures. This onset σ minimatrix , ~ 95 MPa, was about the same as that found in reference 16.
When multiplied by the final matrix crack density, Equation 4 can be used to derive a general relationship for matrix cracking in these 2D woven composites and can then be used to model stress/strain behavior for these composites [7] . For example, based on references 17 and 18, strain can be described as
where the stress-dependent crack density, ρ c , can be found from Equation 3 multiplied by the final crack density and converted back into composite stress, the stress-dependent sliding length
where r is the fiber radius, τ is the interfacial shear stress, and
E m , the elastic modulus of the minimatrix, is assumed to be everything in the composite other than the load-bearing fibers and can be determined from rule of mixtures knowing f o , E f , and E c .
The only parameter not known is τ which can be determined by best fitting Eq. 5 to empirical stress strain behavior.
Figure 1b (circles) shows predicted stress-strain curves using the best fit τ values listed in Table III , which also shows the measured matrix crack densities. The maximum stress circle for the predicted stress-strain curves in Figure 1b is the average fiber strength at failure (Table II) multiplied by the volume fraction of fibers in the loading direction (Table I) . For the lower modulus fiber composites, slightly lower τ-values were determined as would be expected for smoother surfaces and finer grain sizes of these fiber-types. However, for the composites reinforced with the polycrystalline fibers (Syl-iBN and SA), the τ-values were unexpectedly low at 23 + 5 MPa. In an earlier study for MI composites fabricated with lower fiber volume fraction SA fibers, the best-fit τ was found to be between 40 and 50 MPa [5] . For similar Syl-iBN composites from a different vendor [7] , τ was found to be ~ 70 MPa. This difference in τ is probably best explained by the thicker BN interphase thicknesses of this study (~ 1.0 + 0.1 μm)
compared to the thinner BN interphases used (< 0.5 μm) in the other studies [4, 5] .
Using the minimatrix approach described above, it follows that a simple relationship for stress-strain behavior and matrix cracking can be established for a wide range of 2D 0/90 MI woven composite systems. The approach assumes that the matrix porosity is low enough so that matrix cracks emanate from the 90 o minicomposites in the 2D architecture and that this cracking mechanism is negligibly dependent on specimen width, length, and thickness (volume effects).
It is shown here that this understanding can also be applied to creep-rupture properties, as discussed in the next section. removed from the rig and tested at room temperature, using similar unload-reload and AE monitoring as employed for the as-produced specimens. A limited number of specimens were tested for times greater than 100 hours to failure or up to 500 hours followed by retained tensile property measurements at room temperature.
The rupture results are plotted as composite stress versus time at 1200 o C and 1315 o C in Figure 7 . Note specimens that did not rupture are indicated by arrows. In general, the ruptureresistance directly correlates to the inherent creep and rupture resistance of the fibers, with
Sylramic-iBN composites being the most, and ZMI composites being the least, creep and rupture resistant. Also note that there were considerable differences in fiber volume fraction between the different composite systems studied, which in effect further accentuated the differences in the creep performance in these composites. The Syl-iBN composites, or the composites with the most creep resistant fiber also had the highest fiber volume fractions and ZMI composites , or those with the least creep-resistant fiber had the lowest fiber volume. crack growth come into play at these temperatures that contribute to rupture. Nevertheless, the composite cracking stress limit as predicted by Eq. 3 and the 95-MPa onset minimatrix stress offers a good first-order approach for designing against rupture in air at temperatures up to Figure 8 shows the total strain in the composites plotted versus creep rupture time at 1200 o C and 1315 o C obtained from the same creep data at different stress levels. Of particular interest are specimens that ruptured at stresses below the predicted matrix onset stresses in the creep tests at 1315 °C. For both the Syl-iBN and SA specimens that were subjected to 1315 o C creep (Figure 8b) at the lower stresses, the strain to failure for rupture was approximately 0.3%.
This may imply a creep strain limit for the initially uncracked or micro-cracked (no fiber-bridged cracks) matrix condition. Too little data is available for the HNS fiber at 1315 °C, and for all fiber-types in the tests at 1200 °C . For the HNS composite tested at 1315°C (Figure 8b) , the sole rupture specimen failed at ~ 0.55% total strain and one 100 h interrupted specimen (138 MPa) survived 0.38% total strain. While the ~0.3% strain limit is consistent with the data on both the SA and Syl-iBN fibers, it appears the ZMI composites in this study and the HNS composites in the earlier study can withstand higher strains at the lower stresses. Also, the HNS composites in the earlier study featured lower BN and CVI-SiC thickness, which may also have impacted these rupture results, and evidently additional data is needed to better understand the effect of fiber type and underlying mechanisms.
Based on the data from this study and the earlier HNS study, two basic design criteria can be formulated for long-time creep properties. The first is based on the stress above which significant matrix cracking occurs.. The composite stress that corresponds to σ minimatrix = 95 MPa gives a design stress limit. Staying below this stress in a CMC component is essential for longlife. The second is based on the total accumulated strain, i.e., elastic + time dependent creep strain. At applied stress levels below the design stress limit, rupture life is further limited by the total strain, which gives a design strain limit. Maintaining creep conditions in the component so that the total strain stays below this design total strain limit is also essential for long life. The value of this design total strain limit is dependent on the fiber-type in the composite. For both the Syl-iBN and SA composites, this total strain limit is about 0.3% total (elastic + time-dependent) strain. While additional testing and modeling efforts are required to understand the strain accumulation for variable stress-states and long times, the results from this study can be used to derive some simple models for creep. Much more effort is needed in this area to model the cause of transient creep and the effect of stress-time history, as well as understand the effect of constituent content variation on these properties.
Residual Properties after Creep
Specimens that did not rupture during the creep test were tested to determine their residual stress-strain behavior. Specimens were unloaded from the creep test at temperature and were either immediately reloaded to failure at the creep temperature or cooled (with no load) and tested at room temperature where AE was monitored during the test and two or three unloadreload loops were performed at increasing stress levels until composite failure. Some examples of the stress-strain behavior after creep are shown in Figure 9 along with room temperature and high temperature fast fracture curves. The tensile curves for the after-creep specimens are offset by the permanent deformation acquired during creep in the stress-strain plots in Figure 9 . These plots therefore show the total accumulated mechanical strain prior to failure for the various asproduced and crept specimens. In all cases of this study, the total accumulated strain-to-failure is always less than the room-temperature strain-to-failure in the as-produced specimen. Little change was observed in elastic modulus for the retained strength tests whether tested at room temperature or at elevated temperature. It should be noted that the elastic modulus at temperature was on average 10% less than that measured at room temperature. Figure 9 shows that one consequence of creep at stresses below which fiber-bridged matrix cracking occurs was that specimens exhibited a higher stress for non-linearity and through-thickness cracking after creep compared to as-produced composites, both at room temperature and at elevated temperature. This was observed for all three fiber-type composites in this study, and as reported previously [5] also for the HNS composites. The most dramatic increases were for the most creep-resistant fiber-type, Syl-iBN, composites. As reported previously [5] , the cause of this increase is due to stress-relaxation in the matrix, particularly the Si-SiC particulate portion. This results in an increased compressive stress in the matrix upon unloading, which must be overcome to form bridged-matrix cracks [19, 20] . As a further validation to this hypothesis, a Syl-iBN-3 composite specimen was pre-crept for 50 hours at 1315 o C and 138 MPa. This was then crept at 1200 o C at 220 MPa (as noted in Figure 7a ). The pre-crept specimen ruptured after 58 hours of creep compared to only 0.3 h for the as-produced, no pre-creep, specimen, which represents an improvement of nearly two-orders of magnitude.
With respect to stress, the pre-creep condition enabled this specimen to withstand a 25 MPa higher stress than what would be expected for a virgin specimen, a 13% improvement. This of course was only for one specimen; however, it is consistent with all the other observations on the after-creep properties and the proposed underlying mechanisms. This test also demonstrates that this concept offers the potential for boosting rupture life or rupture stress along the primary fiber directions for short time (< 100h) applications.
The residual ultimate tensile strength (UTS) of the crept composites is plotted versus total strain for specimens crept at 1200 and 1315 o C in Figure 10 in a normalized form. This was done because composites varied in fiber volume fraction and composites of the same fiber-type may vary in as-produced strengths due to processing or fiber-lot variation (Table II) . There is some scatter in the data and overlap between the retained strength values at the creep temperature compared to those at room temperature. However, there is relatively good agreement between the different composites. In general, under fast-fracture conditions, the 1200 o C and 1315 o C UTS values are ~75% of the room temperature UTS for both the as-produced and crept composites (Figure 10a and b) and the 75% value is steady up to a certain total accumulated strain. For the Syl-iBN and SA composites, this total strain is ~ 0.2%. For the HNS and ZMI composites, this appears to be higher. This is an encouraging result. The normalized after-creep retained strength is reduced with further increase in the total accumulated strains (Figure 10a and b) . The HNS composites [5] show similar normalized retained strengths at 1315 o C (Figure 10d ), but maintained the relatively high retained strengths out to larger total strains, and did not show strength reduction in the range of strains explored in that study. Also note that two of the ZMI composites, which were tested at room temperature after creep, failed in the radius of the dogbone (marked with up-arrows in Figure 10a ), or in the area of the specimen that was outside the hot zone region of the furnace, and ~800 + 100 o C. Evidently these specimens suffered from intermediate temperature embrittlement [21, 22] .
The after-creep retained strength data offer a third general criterion for design, the aftercreep design retained strength limit, which is based on the creep-history dependent retained tensile properties. Under creep conditions that are well within both the design stress limit and the design strain limit, and up to a certain total strain value that is fiber-dependent, the retained tensile strengths can be assumed to be ~75% of the room temperature as-produced ultimate strengths. For SA and Syl-iBN composites, this total strain value is ~0.2%, and for HNS it is higher than 0.3%. At higher strains, but less than the design strain limit, a further knockdown would have to be factored in, depending on fiber type, for the retained strengths, as shown in Figure 11 .
Stress-strain response: Based on a known or estimated local constituent content for a given or conceptual component architecture, the local stress-strain response due to initial thermal and mechanical loads and the onset stress for matrix cracking can be estimated from the minimatrix analysis. Both E c and σ th at present need to be empirically determined, however, significant amount of empirical data for these properties already exist for a range of constituent contents. It is expected that models will also be developed for these properties in the near future for the entire range of constituent contents of interest.
Critical Stress for Matrix Cracking: Similar to that shown in Figure 7a , the effect of adjusting fiber or other constituent contents on the matrix cracking stress can be determined to assess the effect on stress-strain response and the onset matrix crack stress by assuming a value of 95 MPa for σ minimatrix , and solving equation 2 for σ c , i.e., :
For example, increasing f mini , largely controlled by f o , has the greatest effect on increasing matrix cracking stress. This stress would then pertain to the life-expectancy of the composite. Above Critical Strain to Failure For Creep: For the case where the applied stress is below σ c-Matrix Cracking , the design total strain limit criterion of Figure 7b can be applied for the case of creep at 1315 o C. This is 0.3 % at 1315 °C for both SA and Syl-iBN, and higher for HNS. It is also expected that this design total strain limit is temperature dependent. For example, a value of ~ 0.4% was found for Syl-iBN MI composites at 1200 o C [23] . If a tensile creep model exists which can account for the transient nature of creep in these systems, then the time it takes to reach the critical strain limit would indicate life-expectancy. If failure does not occur for the design life, then the retained properties can be determined from the relationships such as those inset in Figure 10c and 10d for 1200 o C and 1315 o C creep conditions, respectively. In addition, if stress-transients occur during the application, relationships such as those in Figure 10a and 10b could be used to determine if the composite can withstand them which would then necessitate a new iteration with the new damage state and creep history.
SUMMARY AND CONCLUSIONS
In-plane room and elevated temperature mechanical properties of 2D woven meltinfiltrated composites reinforced with different commercial SiC fiber types were determined. As expected, the higher performance polycrystalline SiC fiber-types could survive to higher stresses and longer times at the higher temperatures. It was shown that the use of the minimatrix stress, i.e., the stress-parameter that correlates the matrix crack behavior via acoustic emission based on the assumption that matrix cracks are formed from 90 o minicomposites in a woven 2D composite, was an effective tool to model stress-strain behavior. The stress and strain dependence for creep was determined and related to the matrix cracking stress for 1200 o C creep and to the total strain to failure for 1315 o C creep rupture. From this work, several simple modeling and design relationships were determined for stress-strain behavior, onset of matrix cracking, long-term creep life stress, long-term creep strain limit, and residual mechanical properties after creep exposure.
Based on the results of this study, three basic general design criteria are formulated for designing components for high temperature applications, namely a design stress limit, design strain limit and an after-creep design retained strength limit. The design stress limit corresponds to the matrix cracking strength derived from the mini-matrix approach. In the temperature regime where creep effects are minor (< 1200 o C), it is shown that it is essential that applied stresses remain below this design stress limit for long-term life. For higher temperatures (1315 o C) and higher creep-strain conditions at stresses below the design stress limit, long-term life of these composites is additionally limited by a design strain limit, which is the total accumulated strain including elastic strain and time-dependent creep strain. Maintaining creep conditions in the component so that the total strain stays below this design total strain limit is also essential for long life. It is further shown that this design strain limit is dependent on the fiber type with the Syl-iBN and SA fiber-types both having a design total strain limit of ~ 0.3% and the HNS fiber-type potentially having a higher value. The after-creep design retained strength limit is shown to be a function of the tensile strength of the as-produced specimen and the total strain experienced during creep, and can be useful for determining the maximum allowable stress-transient for a component given its prior in-service thermal load and creep history.
It is hoped that the results of this work will be helpful to designers and materials selectors when considering the property vs. cost trade-offs for CMC's in general and when comparing CMCs to other competing materials. In addition, the data presented here will be useful for the development and validation of more complex mechanical behavior models. This is especially important for understanding some of the nuances introduced with different fiber types and different constituent contents.
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